Combining straightforward molecular imprinting with orthogonal click chemistry and accessible fluorescent dyes, a modular approach has been developed to assemble turn-on optical sensors based on fluorescence resonance energy transfer in molecularly imprinted nanoparticles.
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Fluorescence resonance energy transfer (FRET) is a process that involves the transfer of photo energy from an excited fluorophore (donor) to a neighboring fluorophore (acceptor) through non-radiative dipole-dipole interactions.
1 To achieve an effective photo energy transfer, a prerequisite is that the spectrum of donor emission must overlap the excitation band of the acceptor, and the distance between the donor and the acceptor should be in the range of 1-10 nm. Since FRET was first reported by Förster, 1 it has developed into a powerful analytical tool used for imaging, 2 measuring intermolecular interactions and distances, 3 and sensing. 4 For FRET-based analytical applications, fluorescent nanomaterials including quantum dots, dye-doped silica nanoparticles, gold nanoparticles and polyelectrolytes have shown many advantages in offering high sensitivity, multiplexing analyses and in vivo imaging. 5 However, the selectivity of these nanomaterials has been largely dependent on biological recognition molecules, for example antibodies, aptamers and DNA sequences. The problems with biological recognition molecules are their poor stability, complicated and costly production and sometimes unexpected variability in terms of molecular binding affinity and selectivity. 6 A molecularly imprinted polymer (MIP) is a special type of material that has pre-designed molecular recognition sites.
7
MIP has unique advantages such as high selectivity and stability, low cost, long shelf-life and possibility of mass production, and therefore has been used in many applications such as separation, sensing, catalysis, bioassay, drug discovery and delivery. As for sensing, fluorescent MIPs have attracted increasing attention mainly due to their high selectivity, sensitivity and being easy to operate.
9 Fluorescent MIPs can be prepared through three approaches: (1) the introduction of fluorescent monomers or crosslinkers by one-pot polymerization, which requires the synthesis of special fluorescent molecules for different templates; 10 (2) the introduction of fluorescent molecules by post-imprinting modification, using e.g. click chemistry because of its mild reaction conditions, high yield and high reaction selectivity; 11 and (3) creation of recognition sites on fluorescent nanomaterials including dye-doped and carbon dot-embedded silica nanoparticles, 12 quantum dots (QDs), 13 graphene 14 and upconversion nanoparticles, 15 which needs specialized techniques to prepare the fluorescent nanomaterials and to introduce suitable imprinted polymer layers. When target analytes are recognized by the MIPs, quenching or enhancement of fluorescence caused by analyte binding can be used for quantification. Since fluorescence quenching usually has a high background signal, it can affect negatively the detection limit and sensitivity. In contrast, ''turn-on'' fluorescence is in general more sensitive, and it may be realized by a suitably designed FRET system.
16
In the literature, only a few examples have been reported on turn-on fluorescence assay using MIPs. 17 Although the assay systems showed high sensitivity for analyte detection, preparation of the MIPs required that the fluorescent molecules be located close to the material surface, otherwise the distance between the donor and the acceptor will become too long to give effective FRET emission. In addition, the reported analytical methods relied on displacement assays, and involved multiple operation steps e.g. incubation, separation and washing. To the best of our knowledge, separation-free, turn-on fluorescence assay using an MIP-based FRET system has not been reported. In this communication we describe a new modular approach for synthesizing fluorescent MIP nanoparticles. The MIP nanoparticles are designed to enable turn-on fluorescence assays using FRET as the signal transduction mechanism (Scheme 1). The synthetic approach is composed of three independent steps: first, precipitation polymerization is used to synthesize clickable MIP nanoparticles containing orthogonal alkyne or azide groups. In the second step, the alkyne or azide groups located in the MIP nanoparticles are click-conjugated to an azide-or alkyne-tagged organic amine through a Cu(I)-catalyzed 1,3-dipolar cycloaddition reaction (click chemistry). In the last step, the modified MIP nanoparticles are reacted with an amine-reactive fluorescent dye to furnish the final fluorescent MIP nanoparticles. The amine-reactive fluorescent dye is selected such that it can offer effective fluorescence energy transfer with the analytical target. The proposed modular approach has several important advantages: as the molecular imprinting step does not involve interfering reagents, an optimal imprinting effect can be expected. Since the subsequent derivatization reactions are non-destructive for the pre-formed recognition sites, it is possible to retain the favourable molecular recognition selectivity in the final fluorescent MIP nanoparticles. At last, a wide variety of amine-reactive fluorescent dyes are commercially available, which makes it easy to design the fluorescent MIP nanoparticles for FRET assays of different analytical targets, being themselves fluorescent, or easy to be labelled with a suitable fluorescence donor or acceptor.
In this work, we used a therapeutic drug, propranolol, as a model to study the feasibility of our synthetic design. Propranolol itself is a fluorescent molecule and can be used as a fluorescence donor. The emission band of propranolol overlaps with the excitation band of dansyl chloride (DSC) that can be conjugated to amine-functionalized MIP nanoparticles. Based on these considerations, we choose to use DSC as the amine-reactive probe, and used the three-step reaction process as shown in Fig. S1 (ESI †) to synthesize propranolol-imprinted, dansyl-labelled fluorescent nanoparticles.
In the first step, propranolol-imprinted polymer nanoparticles containing alkyne groups (MIP-CCH) were synthesized by precipitation polymerization.
18 These clickable MIP nanoparticles were then modified through Cu(I)-catalyzed click reaction to give aminefunctionalized nanoparticles (MIP-NH 2 ), 19 which were reacted with dansyl chloride in the last step to furnish the fluorescent MIP nanoparticles (MIP-DSC). For comparison, non-imprinted polymer (NIP) nanoparticles were synthesized using the same procedure except for omission of propranolol in the first step reaction. According to the SEM images in Fig. S1 (ESI †), the three MIP nanoparticles MIP-CCH, MIP-NH 2 and MIP-DSC have a similar spherical shape and particle size. When the particle size was measured by dynamic light scattering (DLS), the hydrodynamic diameter of the particles MIP-CCH, MIP-NH 2 and MIP-DSC were found to be 158 nm, 209 nm and 176 nm, respectively (Fig. 1a) . The fact that MIP-NH 2 has the largest particle size is somewhat surprising, and may be explained as a result of stronger particle-particle interactions than the other two types of MIP nanoparticles under the experimental conditions. Indeed, the same phenomenon was observed for the three non-imprinted control polymers (Fig. S2 , ESI †), where the average diameter of NIP-CCH, NIP-NH 2 and NIP-DSC was determined to be 485 nm, 710 nm and 504 nm, respectively. The difference in particle size between each MIP and its corresponding NIP particles was due to the impact of the molecular template used during the imprinting reaction, as has been discussed in the previous literature. [18] [19] [20] As shown in Fig. 1b , the fluorescence emission band of propranolol overlaps with the excitation band of MIP-DSC, which is essential for establishing an effective FRET between the imprinted polymer and the target analyte after specific binding. In the literature it has been suggested that to get a high FRET efficiency, the fluorescence donor:acceptor ratio should be kept less than 1.
21 Therefore, it is necessary to control the amount of the fluorescence acceptor introduced into the MIP nanoparticles. In this work, the amount of DSC incorporated into MIP-DSC and NIP-DSC was determined to be 0.19 mmol g À1 and 0.40 mmol g
À1
, respectively (Table S1 , ESI †). Given that the number of specific binding sites in non-covalently imprinted polymers is normally less than 0.1 mmol g À1 , the amount of DSC conjugated to the present polymer particles was considered appropriate for obtaining satisfactory fluorescence response.
For MIPs designed to act as chemical sensors, it is important that the MIPs have a high molecular imprinting effect, which can be evaluated by the measurement of the imprinting factor (IF). The IF value can be calculated as the ratio of the amount of template bound on an MIP versus on a corresponding NIP under the same conditions. As shown in Fig. S3 (ESI †), all the MIP nanoparticles prepared in the present work bound significantly higher amounts of propranolol than their corresponding NIP nanoparticles. The three MIP nanoparticles have the same IF value of 3.7 (Table S1 , ESI †). This result indicates clearly that the template propranolol has indeed produced a To examine if effective FRET can be realized between the bound propranolol and the fluorescence acceptor in MIP-DSC, we first designed a separation-free assay system by dispersing MIP-DSC in acetonitrile, and measured the fluorescence emission of DSC using the excitation band of propranolol. The fluorescence assay was carried out at different times after addition of propranolol. As shown in Fig. 2 , it is clear that addition of propranolol caused the DSC emission to increase more significantly for the MIP-DSC system than for the NIP-DSC system. The increase of the fluorescence signal in the MIP-DSC system was about 4 times of the NIP-DSC system. Furthermore, the FRET signal became stable in less than 1 min, suggesting that propranolol binding to the nanoparticles has a very fast binding kinetics. To further confirm that the fast and higher fluorescence response observed in the MIP-DSC system was caused by specific propranolol binding, we also measured the kinetic propranolol binding to the different nanoparticles. The kinetic binding data, as shown in Fig. S4 (ESI †), produced an uptake-time response curve very similar to the fluorescence-time response curve shown in Fig. 2 . Based on both the measurements, high specific binding and fluorescence response (FRET) were confirmed to be achieved with the imprinted nanoparticles within a very short time.
Analogous to the IF value used to evaluate the specific binding, a new parameter defined as the ratio of the FRET signal between the MIP-DSC system ((F À F 0 ) MIP ) and the NIP-DSC system ((F À F 0 ) NIP ) can be used to evaluate the specific fluorescence response of the nanoparticle sensors. According to the data in Fig. 2 , the equilibrium value of (F À F 0 ) MIP /(F À F 0 ) NIP is calculated to be about 4, which is about the same as the IF value obtained from the binding data. This result suggests that the specific turn-on fluorescence emission in the MIP-DSC system was indeed caused by the specific propranolol binding.
To investigate the relationship between propranolol concentration and the FRET signal generated in the MIP-DSC system, we studied the dose-response fluorescence emission of MIP-DSC caused by an increasing amount of propranolol. As shown in Fig. 3a , the FRET signal from the MIP-DSC system became stronger when an increasing amount of propranolol was added. Although the NIP-DSC system also exhibited a similar dose-responsive behaviour, the FRET signal from the MIP-DSC system was at least two times of that from the NIP-DSC system, which can be attributed to the specific propranolol binding to the imprinted particles. To further verify that the higher dose-responsive emission in the MIP-DSC system was caused by the specific propranolol binding, we also compared the uptake of propranolol by MIP-DSC with that by NIP-DSC particles in equilibrium binding experiments. As shown in Fig. S5 (ESI †), the equilibrium binding curves of propranolol with MIP-DSC and NIP-DSC are very similar to the fluorescenceconcentration curves shown in Fig. 3a , indicating that the FRET signal is proportional to the amount of propranolol that specifically bound to the MIP-DSC nanoparticles. At high propranolol concentration, the specific binding sites became saturated, and consequently the FRET signal reached the maximal value. By comparing the parameters of (F À F 0 ) MIP /(F À F 0 ) NIP with the IF values (Fig. S6, ESI †) , we obtained almost the same values at the same propranolol concentration. This result indicates that the specificity of the fluorescence MIP sensor is largely determined by the specific target binding to the imprinted nanoparticles.
The dose-responsive fluorescence emission data obtained from MIP-DSC (Fig. 3a) can be transferred to a linear calibration curve for non-separation assay of propranolol. As shown in Fig. S7 (ESI †) , the linear range of the turn-on fluorescence assay based on FRET is 0.5-40 mM. As the turn-on fluorescence assay does not require any separation step, it has a fast response time and is much easier to use than the conventional methods that involve tedious separation and sample preparation steps.
The selectivity of the turn-on fluorescence assay was further studied by comparing the variation of fluorescence intensity of MIP-DSC caused by several propranolol analogues. In this study, atenolol (ATE) and 1-amino-3-(naphthalene-1-yloxy)-propan-2-ol (ANOP) were selected as two representative analogues, because atenolol has the same critical functional groups as propranolol that determines the specific binding but is not fluorescent, while ANOP has the same fluorescence spectra as propranolol but lacks the important functional groups to ensure effective binding to propranolol-imprinted polymers (Fig. S8, ESI †) . 22 As shown in Fig. 3b , after addition of atenolol, the FRET signal induced by propranolol from MIP-DSC decreased, which is as expected because the added atenolol displaced a portion of the previously bound propranolol in the MIP-DSC particles, leading to a reduction of the FRET signal. Nevertheless, the relatively small reduction in the FRET signal suggests that the imprinted nanoparticle sensor maintains a high selectivity for propranolol. In the case of ANOP, the FRET signal was affected even less by the added ANOP, because ANOP, despite its strong fluorescence emission, did not bind to MIP-DSC and therefore was unable to influence the FRET signal caused by propranolol. The fact that ANOP did not bind to MIP-DSC is proven by that the mixture of ANOP and MIP-DSC gave very low emission at 500 nm when the mixture was exposed to the excitation band for ANOP. Based on the results from these competitive experiments, we can conclude that the turn-on fluorescence assay for propranolol has a high selectivity and is not easily affected by potential interfering compounds. The applicability of the new separation-free, turn-on fluorescence assay based on MIP-DSC for real sample analysis was demonstrated by measuring propranolol in spiked tap water. In this case we first established a calibration curve for propranolol using a mixture of acetonitrile and pH 7 buffer as a solvent. When propranolol-spiked tap water was tested, the sample was simply mixed with acetonitrile containing the MIP-DSC nanoparticles, followed by direct measurement of the fluorescence emission at 500 nm. From Fig. S9 (ESI †), it is clear that the FRET signal in response to propranolol in the acetonitrilebuffer solvent is similar to that obtained in pure acetonitrile (Fig. 3a) . When a tap water sample spiked with 20 mM propranolol was tested, the concentration of propranolol was found to be 19 AE 7 mM using the turn-on fluorescence assay, which is in good agreement with the theoretical value.
In this communication we have described a new strategy to develop turn-on fluorescence sensors using molecularly imprinted nanoparticles. This strategy uses non-destructive post-imprinting modification to introduce into MIP nanoparticles a suitable fluorescence acceptor that can form effective FRET with a predetermined fluorescent analyte. The synthetic strategy can also be used to develop turn-on fluorescence sensors for non-fluorescent analytes as long as a fluorescent probe can be used (i.e. as a target analogue) to report the specific molecular binding event. The synthetic strategy was demonstrated successfully by using propranolol as a model template and a fluorescence donor, and dansyl amide as a fluorescence acceptor to establish the required FRET system. The turn-on fluorescence assay for propranolol has several advantages including not requiring any separation steps, very short response time and high selectivity. The results reported here should open a new avenue for the design of turn-on fluorescence assay platforms based on MIPs. The target analytes are not limited to small organic molecules but may be expanded also to cover important biomacromolecules, for example different protein biomarkers. In addition, the lack of separation and fast response time of similar MIP-based FRET platforms should have a high potential for bio-imaging applications.
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